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SUMMARY

An investigationwasmadeofthegasesevolvedduringthefiringof
vitreouscoatings.Thescopeoftheinvestigationincluded:(1)EXami-
nationof gasevolutionwitha microscopewhilespecimenswerebeing
fired,(2)examinationof firedspecimensforchangesinbubblestructure
withfiringtime,(3) examinationof changesinnormalgasevolutionwhen
water-freeenamelswereused,(4)analysiswiththemassspectrometerof
gasestrappedinthebubblestructureaftervaryingfiringtimes,
(~)determ~ationofthesourceof carbongasesinthebubblestructure
usingradio-activecarbon(C14)asa tracer,and (6) determinationofthe
effectofvariouspretreatmentsoftheclsyusedforsuspendingthe
coatingslipontheresultingbubblestructureofthefiredspecimens.

Theresultsshowedthattheprincipalgasesevolvedduringthe
firingwerecarbonmonoxide,carbondioxide,andhydrogen.Theblis-.
teringthatisoftenobservedh theearlystageof firingwhenvitreous
coatingsareappliedto low-carbonsteelwasfoundtobe causedby evo-
lutionofthecarbongasesformedby theoxidationofthecarboninthe
steel.Evidencewasobtainedthatthehydrogenformedfromthereaction
betweenthedissolvedwaterinthecoatingandthehotironbaseslowly
diffusesintothecoatingasthefiringcontinues.Someofthehydrogen
alsodiffusesintothemetal.Onfastcoolingthishydrogenisexpelled
causingbubblesto formh thecoatingatthetiterface.Itwasfound
thatpracticallyallofthebubblestructureina normallyfiredenamel
isdueto someimpurityintheclaymilladdition.Theimpurityisprob-
ablyorganicmatteradsorbedontheclayparticles.

INTRODUCTION

GasesarenornM_lyevolvedwhenporcelainenamelsareappliedto
low-carbonsteel.Theeffectsoftheevolutionsometimesareevidenced
byblistersandpinholesonthefiredwarebutmoreoftenby changesin
thebubblestructureofthecoating.h addition,suchgasesashydrogen
andcarbonmonoxidewhenevolvedduringfiringarecapableofproducing

.—. .— — .—-— ._—._ ——— —



2 NACATN2865

changesinthe
kyer andsuch

oxidationstateofmetallicoxidespresentinthecoating .
changescouldinturnaffecttheadherence.

Ceramiccoa$ingsforthehigh-temperatureprotectionofmetalsand
alloysmayalsohe affectedadverselyby gasevolution.Suchdefectsas
blistersandpinholesareobviouslyundesirableincoatingsofthistype
anda pronouncedbubblestructurecouldconceivablybe deleteriousin
thatthebubblesmightpermitdiffusionof corrosivegasesthroughthe
coatingduringserviceoperation.As discussedintheappendix,some
researchhasbeendoneonthenormalgas-formingreactionsthatoccur
duringthefiringof~itreouscoatingson low-carbonsteel.However,
becauseitwasbelievedthata morecompleteunderstandingofboththe
natureandthesourceofthegasesevolvedwouldultimatelyleadto an
improvementinthequalityofhigh-temperaturecoatings,thestudyas
hereinreportedwasconductedas Prt ofa broadprogramon ceramic
coatingsnowunderwayattheNationalBureauofStandards.Thisprogram
isbeingconductedunderthesponsorshipandwiththefinancialassistance
oftheNationalAdtisoryCommitteeforAeronautics.

TheauthorsgratefullyacknowledgetheassistanceoftheMass
SpectrometrySectionoftheNationalBureauofStandards,underthe
directionofDr.F. L.Mohler,forperformingthemass-spectrometer
analysesandtoMr.AbrahamSchwebel,oftheRadioactivitySectionfor
makingthecountsonthesamplescontainingradioactivecarbon(C14).

Eightdifferentmetalsoralloyswereincludedintheinvestigation.
Thesewereobtainedfromcommercialsources.Representativeanalysesare
givenintable1.

Table2 givesthemillbatchesfortheE-1andE-2coatings.The .
fritusedinthesetwo~ound-coatenamelswasselectedfroman earlier
study(reference1)as~eingsuitableforthe
fritenamelgroundcoat.Frit109-Eintable
describedinreference1. Frit109-0isalso
thatthel@-O containsno adherenceoxides.
oxidecompositionforfrit109-Earegivenin

EXPEN35WMLPROCEXNJRESAND

preparationofa single-
2 isthesameas fritE
thesameas l@-E except
Boththebatchandcomputed I
table3.

RESULTS I,,
Observationswitha MicroscopeofCoatingBehaviorduringFiring

Twofurnacesweredesignedandconstructedfortheobservationunder
themicroscopeofthegassingbehaviorof coatedspecimensduringfiring.
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Figure1 isa schematicdrawingof
isa photographofthearrangement
tallyheatedmufflefurnace.

A stereoscopicmicroscopewas

thegas-firedfurnace
usedforobservations

3

whilefigure2
inan electri-

employedforallobservations.A
magnificationof 150waspossiblewhenspecimenswereheatedby the
oxygasflaw whilewiththemufflefurnacea magnificationof only25
waspssible.Withthemufflefurnace,thespecimenwaspositionedat
a w?at= distancefromthemicroscopeobjectivebecauseoftheincreased
thicknessofthermalinsulationrequired.Inthegasfurnaceonlya
smallareaofthespecimenwasheatedtothefiringtemperature.Inthe
mufflefurnacetheentirespec”imenwasheated.Inbothcasesthetemper-
atureofthespecimenwasobtainedby a Chrome141umelthermocouplecon-
sistingofwiresthatwereseparatelyweldedtothemetalspecimen.The
wireswerespot-welded3/8 incha~rt andtheobservationsweremadeon
theareaencompassedby thewires.

MostoftheearlyobservationsweremadeusingcoatingE-1which
containedno cobalt,nickel,ormanganese.Thiscoatinggavea clear
glassandpermittedobservation,withgoodclarity,ofthebehaviorof
bubblesatandnearthecoattig-metalinterface.

EhoughobservationsweremadewiththeE-2coating,however,to indi-
catethattherewasno significantdifferenceingas+volutionbehavior
betweenthetwocoatings,exceptforthefactthatitbecameincreasingly
difficultto observetheinterfacewiththecobalt-bearingcoatingE-2as
thefiringcontinuedat 1550° F.

Numerousobservationsmadewithbothfurnacesestablisheda definite
behaviorpatternwithYesyecttobothcoatingappearanceandbubbleforma-
tion. This~tten canbe,convenientlybrokendownintothesevenstages
shownintable4.

Thepresentpaperwillbemostlyconcernedwithprimaryboil
(stage4),thedevelopmentofthecloudylayerwiththecobalt-bearing
coating(stage5B), andtheformationofthecoolingbubbles(stage6).
In addition,someattentionwillbe giventotheeffectof clayonthe
bubblestructureofthefiredenamel.

InvestigationofPrimaryE!Oil

Primaryboiloccursintieearlystagesof firingusuallyputting,
inanappearanceonlow-carbonsteelspecimensshortlyaftertheground-
coatenamelfuses.Intheprimary-boilmechanismbubblesforminthe
enamelatthemetalsurface.Theygrowinsizebut,becauseofthehigh
viscosityofthecoatingattheprimary-boiltemperature(approximately-
1400°F),theydonotimmediatelyburstandsealoverwhentheyreachthe
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4 NACATN 2865

enamelsurface.As thetemperatureincreasesthecoatingbecomesmore
fluidand,by thetimea temperatureof 1550°F isreached(approximately “ “
1 minlaterwith20-gagelow-carbonsteel),theprimary-boilblisters
haveordinarilydisappeared.Primaryboilisnotnormallytroublesome
inbluegroundcoatsbutwithone-coatwhitesironoxidemaybe carried
tothesurfaceby theboilingactioncausingh speckleddiscolorationon
thefinishedware. Primaryboildoesnotreappearwitha low-carbon
steelifthespecimenissubjectedtoa secondfiring.

Severalexperimentaltechniquesweredevisedforstudyingthenature
andthesourceofthe.gasescausingprimaryboil. Theseincluded:(a)A
studyofthekindsofmetalthatshowprimaryboil,(b)analysesof gases
entrappedinthebubblestructure,.(c)testsforradioactivityof gases
trappedintheprimaryboilblistersafterapplyinga groundcoattoa
steelcontainingradioactiveC14,and(d)observationsof primaryboilon
low-carbonsteelusingan enamelthathadbeenvacuum-meltedpriorto
application.

Metalsandalloysshowingprimaryboil.-Thecobalt-bearingcoating
E-2wasappliedatno-l thicknessto sandblastedspecimensoftheeight
metalsoralloyslistedh table1. Variousfiringtimesfrom1 minute
to 10minutesat 1550°F wereused.Afterfiring,eachspecimenwas
examinedvisuallyandwiththestereoscopicmicroscopeforevidenceof
prtiryboilandforgeneralbubblestructure.Table5 summarizesthe
results.

Theonlyferrousalloysto showanyappreciableprimaryboilwere
theenamelingironandthecold-rolledsteel.Thetitanium-bearinglow-
carbonsteelshoweda fewscatteredbubblesafter1*minutesof firing

thatmightbe construedasprimary-boilblisters.Therewasno evidence
ofprimaryboilwithstainlesssteel,copper,or Inconel.Monelmetal
andnickel,ontheotherhand,showeda typeofblisteringthatmight
properlybecalledprimaryboil. Theblisterformationbeganduringthe
earlypartofthefiringtreatmentandgasevolutioncontinueduptoand
includingthemaximumfiringtimeof 10minutes.Itwasdifficultto
applya smooth,defect-freeenamelto eitherofthesemetalsbecauseof
thecontinuedblisterformation.

Analysesofgasesentrap~d inbubblestructureofenamel.-The
gasesentrappedinthebubblestructureofa ground-coatenamelafterit
hascooledto roomtemperaturemaybe releasedby fracturingtheenamel
glass. FreemanandMeloche(reference2)foundthata sizeablequantity
of gascouldbe collectedfromthebubblestructureby flexingcoated
specimensundera suitablesolutionandthenpulverizingtheresulting
flakeswitha nickel-platedsteelrod. Inthisinvestigationthe

E-2enamelwasappliedto 150 ingot-ironspecimens,3 inchesby; inch

by 0.037inch,to givea thiclmessof 0.008inchaftera normalfiring.

— .— —..— -—_—_ .—.——.
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Ofthesespecimens50werefiredfor-40secondsat 1550° F (theprtiry-
boilstage),a second50werefiredfor2 minutesat 1550°F,andthe
remaining50 for6 minutesat 15500F. Afterfiring,thegasespresent
inthebubblesofeachlotwerecollectedusingthearrangementshownin
figure30 Thespecimenswerefirstflexedby handovertheagatemortar
whilecompletelyimmersedina salt-waterandglycerinsolution.The
solution,whichwasidenticalwiththatusedby FreemanandMeloche
(reference2),wasprepredbyblend&gequalpartsby volumeofglycerin
anddistilledwaterandthensaturatingtheresultingmixturewithsodium
chloride.AccordingtoFreemanandMeloche,thissolutionhasthelowest
volubilityforcarbondioxideandothergasesofanypracticalconfining
liquid. Mercurywouldbe impracticalbecausetheenamelflakeswould
floatup intothesampletubeandblockthestopcockbore.

Itwasestimatedthato;erhalfofthetotalvolumeofgascollected
wasreleasedduringtheflexingoperation.Theremaininggaswascol-
lectedwhentheenamelflakesthatsettledintothea~te mortarwere
pulverizedwithanagatepestle.Thegases,onbeingreleasedfromthe
bubblestructureoftheenamel,roseup intothesample.tubewhichis
shownatthetopoftheinvertedfunnelh figure3.

Thevolumeofthesampletubewasabout1.5cubiccentimeters.The
volumeof gasescollectedfroma lotof50 specimens,ontheotherhand,
wasonlyabout0.5 cubiccentimeter.Thismeantthatthesanq?letube
stillcontainedabout1 cubiccentimeterofthewater-glycerinsolution
afterthecollectionwascompleted.Sucha highcontm&ationofthe
gassamplewouldbe undesirableinthelateranalyseswiththemass
spectrometer.Contaminationwithheliumwouldnotinterferewiththe
analysisandforthisreasonheliumwastitroducedto displacethesolu-
tionremaininginthesampletube.

Gasesotherthanair,watervapor,andheliuminthethreesamples
arelistedintable6. Thesedatashowthatcarlmnmonoxideandcarbon
dioxidetogetherconstituteabout77molepercentoftheevolvedgases
attheprimary-boilstagewhereasaftera 6-minutefiringthecarbon
gasesdroppedtoabout26 molepercent. ,.

Testswithradioactivecarbon.-.A liquidcarburizingbathwaspre-
paredinwhicha minoramountofthesodiumcyanidepresentinthebath
wasaddedastheradiactivesalt,thatis,someofthecarbonh the

8sodiumcyanidewasCl-ratherthanC12. Thebatchcompositionofthis
bathisshownintable7.

Fiftyingot-irons~ctiens,~inches by~,inchbyO.037inch,were
sandblastedandthenimmersedint; moltenba;hfor7 minutesat 1650°F.
Aftera thoroughrinsingintapwater,.thespecimenswerenexthomogenized
byheattigfor4 hoursat 1700°F ina purifiedheliumatmosphere.The

..——— ——
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carboncontentafterthislattertreatmentwasonlyslightlyhigherthan
thatoftheoriginalingotiron.Noappreciablesurfacedecarburization
wasobservedonetchedsectionsafterthehomogenizingtreatment.Also,
radioactivitycountsofthesurfaceaftermachiningoffsuccessivelayers
gaveno evidenceof surfacedecarburization.

Afterhomogenizing,a thinlayerofmetalwasfiledoffeachspeci-
men. Althoughtheaforementionedevidenceindicatedtheabsenceofany
appreciablesurfacedecarburizationitwasfoundthatspecimenswhich
wereonlysandblastedbeforecoatingdidnotshowsoconsistenta primary
boilasthosewitha thinlayerofmetalremovedfromthesurface.The
specimensafterfilingandsandblastingwerecoatedwithenamelE-2by
firingtotheprimary-boilstage.Aftercooling,thecoatedspecimens
wereflexedwhileimmersedh thewater-glycerinsolutionthusreleasing
thegasestrappedb theprimary-boilblisters.Thereleasedgaseswere
collectedina sampletubeandtestedforradioactivity.A couutof
7 disintegrationspersecondabovebackgroundwasobtained,thusproving
thatcarboninthesteelisundergoingoxidationdurtigprimaryboil.

Absenceofprimaryboilon specimenswithdecarburizedsurfaces.-It
wasobservedearlyintheinvestigationthatprimaryboildidnotoccur
ona low-carbonsteelsurfacethathadbeenpreviouslydecarburizedfor
3 hourstiwethydrogenat 1700°F. Evena relativelymilddecarburization
suchas heatingan ingot-ironspecimeninairfor4 minutesat 1550°F “.
andthenlightlys~dblastingofftheresultingscalepriortoapplication
ofthecoatingwasfoundtoreducetheamountofpr-ry boil.Remcwal
ofthesurfacelayerof suchspecimensafterdecarburizationbutprior
to enameltiggavea surfacethatagainshowedthenormalnumberofprimary-
boilbubbles.

Primaryboilon specimenscoatedwithan enamelpreparedwithvacuum-
me,ltedfrit.-Moore,Mason,andHarqison(reference3)haveshown,bya
tracertechnique,thatwaterintheenamelistheprincipalsourceof
defect-producinghydrogenduringenamelingoperations,and,further,that
bya priorvacuummeltingofthefrita coatingthatissubstantially
freeofwatercanbeprepared.Znthepresentstudyfrit109-Ewasfirst
meltedinvacuumfollowingtheprocedureoutlinedh reference3. The
resultingfritwasthendry-groundto passthrougha 100-meshsieveafter
whichitwasmixedwithethylcellosolveto givea suspensionsuitable
forspraying.A 2-by 2-by 0.03?-inchspecimenof ingotironwascleansed
by smdblastingandthe109-Esuspensionwasappliedatnormalthickness.
‘I!@spectienwasfiredinthefurnaceshownh figure2. Pr-ry boilin
a nomnalamountwasobservedat stage4 inthefiring.Iftheprimary
boilresultedfromhydrogenliberatedbythereactionoftheironwith
themoisturepresentintheenamelcoating,as suggestedby Zapffeand
Yarne(reference4),thenthereshouldbe lessprimaryboilwiththe
vacuum+neltedenamel.Thefindingthattherewasthesameamountindi-
catesthatprimaryboilisnotassociatedwithhydrogenevolution.

— ———. — .—— —
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Primryboilof case-carburizedspecimens.- Several2-by 2-by
0.037-inchingot-ironspecimenswerecase-carburizedby immersioninthe
liquidcarburizingbath(seetable7) for7 mtiutesat 16500F. This
treatmentgavea carburizedcase0.0035inchthick.Theaveragecarbon
contentofthecasewas0.8percent.

EnamelE-2wasappliedandthefiringbehaviorobservedusingthe
furnaceshowninfigure2. Primaryboilstartedata specimentemperature
of1400°F buttheblisteringdidnotstopwhenthefiringtemperature
wasreached.Itcontinuedthroughoutthenormal5-minutefiringperiod.

Probablecauseof@maryboil.-All oftheaforementionedexperi-
mentsindicatedthatprimaryboilis causedbyan oxidationofthecarbon
inthesteel,theevolution.oftheresultingcarbon-oxidegasesbeing
responsiblefortheblistering.‘

Table4 showsthatprimaryboilbeganintheseexperimentswhenthe“
temperatureofthemetalreachedabout1400°F. At thisstageofthe
firing,theenamelisina moltenconditionbutisnotyetincontact
withthemetal.Figure4 showsthatthescalelayerthatformedonthe
ironpriorto fusionoftheenamelhasnotas yetbeendissolvedwhen
theprimary-boiIblistersfirstappear.Thus,itappearsthattheoxygen
necessaryforoxidizingthecarboninthesteelmustcomefromthescale
layer.PorterandRosenthal(reference5) statedin:theirstudywith
castironthatitappearedthatgassingoccurredonlywhenfreeiron
oxidewaspresentattheironsurface.penningt.on(reference6), in his
investigationofthethermodynamicsofdecarburizationo< steelbymill
scale,determinedthattheevolutionof carbon+xygengases(COandC02)
froma sealedboxcontainingpreoxidizedsteelspecimensstartedsuddenly
atabout1300°F andcontinuedquitesatisfactorilyat1450°F. Thus,
theprobablecauseofprimaryboilisbelievedtobe asfollows:During
theheat-upperiod(beforetheenamelfuses)a scalelayerformsonthe
steel.Whena temperatureofabout1300°F isreached,theenamelhas
meltedandwetthescalelayerbutbeforeitcandissolvethescalea
reactionbeginsbetweenthescalelayerandthecarbonintheunderlying
metal.ThisreactionproducesCOandC02to givethe gasevolutionlamwn
asprimaryboil.Afterthescalehasbeendissolvedby theenamel,no
appreciablereactiontakesplaceandtheprimaryboilsto~s.At this
stagetheoutermostsurfaceofa low-cartinsteelisprobablysubstantially
freeof carbon.Witha high-carbonsteel,on theotherhand,theremay
stillbe sufficientcarbonatthesurfaceto causea continuedoxidation
of carbonbytheoxygendiffusingthroughtheenamellayer.Therefore,
witha high-carbonsteelblistertigmightbe expectedto occurthrough-
outthenormalfiringperiod.Actuallythisistheconditionfoundwith
thespecimensthathadbeencase-carburizedbeforecoating.

As a confirmationofthetheory,specimensofenamelingironwere
givena scalingtreatmentof 2 minutesat 1575°Fwhich@ve a scalelayer

- .-.— .. -- .—— — - ~ .— . . -— — . .—— ——..— .— ——-—
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about0.5milinthickness.CoatingE-2wasapplieddirectlyoverthe
scaleandthefiringwasobservedwiththestereoscopicmicroscope.As
antici~tedbythetheory,a largeamountofprimaryboilresulted.

CauseofblisteringwithnickelandMonel.-Thegasestrappedinthe
bubblestructureofMonelspecimensaftera normalfiringat 1550°F were
collectedandanalyzedwiththemassspectrometer.Theonlygasother
thanair,watervapor,andheliuminthesamplewascarbondioxide.The
mass-spectrometeranalysisshowedno traceofeithercarbonmonoxideor
hydrogen.

TheMonelalloynormallycontains0.15percentbyweightof carbon.
Thefindingthatcarbondioxidewastheonlygaspresentinthebubble
structureindicatesthatitistheoxidationofthecarbonthatcauses
theblisteringdifficultieswiththeMonelmetal.

Nickelwith0.014weightpercentofcarbonshoweda blistering
behavioralmostidenticaltothatofMonel(seetable5). Itwasfound,
however,thatwhena sheetofelectrodepositednickelwascoatedno
blisteringoccurred.Theelectrodepositednickelwasformedby plating
nickeltoa thicknessof 0.015inchona copperbackingandthendis-
soltigthecopperby anacidtreatment.Nickelformedinthisway
shouldbe freeof carbon.Thefindingthatnoblisteringoccurredon
thecarbon-freenickel,togetherwiththemass-spectrometeranalysis
showingcarbondioxidetobetheonlygaspresentwhenthecoatingwas
appliedtoMonelystronglyindicatesthattheblisteringwithnickeland
Monel(table5)wascausedby oxidationofthecarbonpresentintheir
structures.Whenvacuum+neltedfritthatwassubstantiallyfreeofwater
wasappliedtothesemetals,thesameblisteringbehaviorwasobserved
aswitha normallysmeltedfrit,thusagaintidicatingthattheblisters
arenotcausedby hydrogen.

InvestigationofCloudyLayer

Thepresenceofa cloudyorhazylayerintheenamelneartheinter-
facehasbeenobservedbynumerousinvestigators(references7,and8).
Thebyer increasesinthicknesswithincreasedfiringtimeuntilit
reachesthesurfaceoftheenamel.Whenthisstageofthefiringis
reached;theenamellosesitsglossandtakesona rust-coloredappear-
ance. Thetradetermforthisconditionis “burn-off.”

Thecloudylayerhasneverbeenobservedby theauthorsinan enamel
thatisfreeofadherenceoxides.HoweandFellows(reference7)observed
thatthecloudylayerwascompsedofverysmallpn%iclesthatcouldbe
resolvedat highmagnificationunderdark-fieldillumination.Dietzel
(reference8) concludedthattheparticleswerefinelydividedmetallic
cobaltformedby a reactionbetweencobaltoxideandtheironoxide
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dissolvedintheenamelneartheinterface.Ithasbeenobservedbythe
presentauthorsthata groundcoatcontainingonlycobaltoxideasan
adherencepromotergiveslittleifanycloudylayer,butwhennickel
oxideispresentby itselforwiththecobalta verypronouncedcloudy
layerisobserved.

Inthepresentinvestigationfrit109-Ewasfirst-meltedinvacuum
followingtheproceduresoutlinedinreference9. Theresultingfrit
wasdry-groundafterwhichitwassuspendedinethylcellosolveand
sprayedonan ingot-ironspecimen.A secondspecimenwassimilarlypre-
paredexceptthatinthiscasethe109-Efritididnotreceivethevacuum-
meltingtreatment.Aftera normalfiring(4minat 1550°F)thecoated
spectiensweresectionedandexaminedwiththemetallurgicalmicrosco~.
A distinctcloudylayerwaspresentwhenthenormalwater-bearingcoating
wasappliedwhilewiththevacuum-meltedfritthecloudylayerwasabsent.
Itshouldbe reemphasizedthattheonlydifferenceinthesetwoenamels
wasthattheonethatshowedno cloudylayerhadbeenvacuum-meltedprior
toapplication.

Fromtheaboveexperiment(whichwasrepeatedseveraltimes)itwas
obviousthattheformationofa cloudylayerisdependentonthepresencer
of someconstituentintheenamelthatismostlyremovedby thevacuum-
meltingtreatment.Themostlikelyconstituentisbelievedtobe the
dissolvedwaterinthefrit.As wasshownina previouspaper(refer-
ence3)thedissolvedwaterinthecoatinglayeris capableofreacting
withthehotironbaseto giveironoxideandhydrogen.Thisearlier I
workshowedthatsomeofthehydrogenistakenupby themetalbutdid I
notprovethatthemetalwascapableofabsorbingallof it. ThepresentI
observationsindicatethatpartofthehydrogenformedfromtheiron- 1
waterreactionmayslowlydiffuseintotheglass.Therateofdiffusion
issufficientlyslowtopreventbubbleformationbutthehydrogenwould
neverthelessbe presentintheglassstructure.Thepresenceofdis-
solvedhydrogenintheglasswouldcreatestronglyreducingconditions.
Suchoxidesas ironoxide,cobaltoxide,andnickeloxidemightbe
reducedtothemetalthusgivingthefineparticlesobservedby Howeand
Fellows(reference7). Thewaterformedfromthereductionoftheoxides
wouldthenbe availableforfurtherreactionwiththeironbase.

Althoughtheaforementionedexplanationseemsto agreewiththe
observedphenomena,themechanismcannotbe accepteduntilthenatureof
theparticlespresentinthelayercanbe determined.Identification
oftheseparticleswasoutsidethescopeofthepresentinvestigation.

HealyandAndrews(reference10)alsopostulatedthathydrogenfrom
thewater-ironreactioncausesreductionofmetallicoxidesinthe
enamel.However,theseauthorsfurthertheorizedthatthereducedcobalt,
inturn,becomesweldedtotheironbaseandthatthereforea glass-to-
cobalt-to-irontripleadherenceispresent.Thatsuchanadherence

_.— .——. - . .—
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mechanismisprobablynotactiveis indicatedby theobservationthat
equallygoodadherencewasobtainedwiththevacuum-meltedenamel(where
thesystemwouldbe expectedtohavea lowhydrogencontent)aswas
obtatiedwithan enamelcontainingthenormalamountof dissolvedwater.

bvestigationof Cooling.hbbles

Itwasobservedwhileusingthegas-firedfurnaceshowninfigure1
thatgasbubblesrosefromtheinterfaceduringthecoolingthatfol-
loweda normalorhardfiring.E&h theE-1andE-2coatingon ingot
ironshowedthecoolingbubblesbutitwasfoundthatthebubblesdid
notformifa shortfiringtimewasused(lessthan5 minat 1550°F).
Whenthespecimenwasfiredat 1650°F for5 minutesandthegasatthe
burnerwassuddenlyturnedoffandtheoxygenwaslefton,a greatnum-
berof largebubblesformed.Undertheseconditions,thebubblesalmost
reachedthecoatingsurface.Whenthespecimenwasallowedto cool
slowlyby a gradualreductionoftheamountof gasan~oxygensupplied
totheburner,thenumberandsizeofthebubblesdecreasedand,insome
cases,nobubblesformed.

.

Alloftheferrousmetals,ticludtigtheAISIType321stainless 0
steel,showedtheformationofthesecoolingbubbles.Withthestain-
lesssteel,however,thebubblesweresmilerthanwiththelow-carbon
steels.TherewasMttledifferenceinthebehavioroftheingotiron, .
thecold-rolledsteel,andthetitanium-bearingsteel.Wconelbehaved
simili3rlytothestainlesssteel.

Theformationof coollngbubblescouldnotbe obse~edwiththe
mufflefurnaceshownh figure2 becausea fastcoolingratecouldnot
be achievedwithoutremovingthespacimenfromthefurnace.However,
whenthespectienwasfiredin.thisfurnaceuntilitwasobsemd tobe
practicallybubble-freeandthenremovedto coolinair,bubblescould
be seenattheinterfaceunderroom-temperatureexaminationthatwere
notpresentatthefiringtempe=ture.Bubblesofthistype,whichare
identifiedintable5 asRB,wereassumedtohaveformedduringcooling.
Suchbubbles,however,wereneversohrge or sonumerousasthosethat
wereobservedto forminthegas-firedfurnace.Whena vacuum-melted
fritwasusedas an enamelnoneofthesecoolingbubblesformed.

Theaboveexperimentsindicatethatthecoolingbubblesarecaused
by hydrogenexpulsionfromthemetalasthe,specimencools.Duringthe
firingthemetalbecomessaturatedwithhydrogenbecauseofthereaction
betweenthedissolvedwaterintheenamelandthemetalbase. Eathiron
andnickelhavemuchhighersolubilitiesforhydrogenat elevatedtemper-
aturesthanat lowtemperaturesanditisreasonabletobelievethat
theiralloyswouldfollowthesamepattern.

.——.— ——. ————.
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Figure5 showsthetemperature-volubilitycurveforingotironover
therangeof1200°to 1700°F asplottedfromthedataof Sieverts,Zapf,
andMoritz(referencen). PointA representsthefiringtemperatureof
boththeE-1andE-2coatings.Ifa specimenis firedatthistempera-
tureuntiltheironissaturatedwithhydrogenandsubsequentlycooled
toa lowertemperature,hydrogenwillbe expelleduntilthevolubility
limitat thelowertemperatureisattained.Ifthecoolhg iS suffi.
cientlyrapidthehydrogenwillbe evolvedfromthemetalat a rate
fasterthanitcandiffusethroughtheenamellayerandbubbleswill
formintheenamelattheinterface.Thetemperatureatwhichthehydro-
genbubblesformwilldependonthedegreeof saturationofthemetal
withhydrogenatthefiringtemperature,theslopeofthehydrogen
volubility-temperaturecurve,andthecoolingrate.Althougha review
.oftheliteraturerevealedno previousreferenceto coolingbubblesin
theenamelingof sheetsteel,PorterandRosenthal(reference5)reported
theformationofbubblesofthistypeon chilledcastiron,thatis,iron
inwhichthecarbonatthesurfaceispresentas cementite(Fe3C)rather
thangraphite.Theseauthorsstatedthatwhena specimenof chilled
castironwasremovedfromthefurnaceafterfiringthecovercoatit
wasfreeofblisters.As thespecimensbeganto cool,blistersstarted
to formandcontinuedto formuntiltheenamelset. Thegascausingthe
blisteringofthistypewasshownby theseauthorstobe hydrogen.

b thepresentinvestigationitwasbelievedthattheformationof
thecooltigbubblesinthegas-firedfurnacedidnotsimulatecommercial
enamelingbecauseofthepossiblepresenceofmoisturefromthecombus-
tionoftheoxygasflame.Althoughthesurfaceofthes~cimenunder
observationwasshieldedfromtheflame,combustiongasesmayhavedif-
fusedthroughcracksh thefurnacesetupcausingthespecimentobe
firedina moisture-ladenatmosphere.Also,hydrogenmayhaveformed
fromthemoisture-ironreactionontheundersideofthespecimen,thus
permittinga rapidsaturationoftheironbasewithhydrogen.With
anotherarrangementinwhichthefiringatmospherewasfreeofmoisture,
thesamepronouncedformationof coolingbubblesmightnotbe observed.
Fromthedataobtained,however,(seetable5) itappearslikelythat
thereisnormallysomehydrogenevolvedfromcoatedferrousmetals
duringthecoolingthatfollowsa normalfiring.

InvestigationofEffectofPretreatmentof Clayon BubbleStructure

Themechanismsof gasformationalreadydiscussedhaveallbeen
dependentona reactionbetweenthebasemetalandthecoating(orscale
layer). Anotherimportantsourceof gasisfromthecoatingitselfand
moreparticularly.fromtheclaymilladdition.

1
Inmostenamelingoperationsclayisaddedto suspendtheenamel

slipandalsoto givea suitableconsistencyforsprayingor dipping.

-.-—— —.——.=
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AccordingtoHiggins(reference12)a furtherrequirementofa clayused
forground-coatenamelsisthatitpromotestherightkindofbubble
structureduringfiring.Higginsfoundthatonlythoseclaysthatpro-
duceda goodbubblestructurehadgoodresistanceto fishscaling.

Twoclayswereusedinthepresentstudy.Onewasa Floridaplastic
kaolinandtheothera Germanclaythatwaswidelyusedintheenameling
tidustrypriortolTorldWarII,thatis,GermanValendar.TheE-2enamel
waspreparedandappliedto ingot-ironspecimensusingthesetwoclays,
(a)as-receivedand(b)heat-treatedfor20hoursat 1000°F inanair
atmosphere.An ad~itionalenamelwasalsopreparedusingFloridakaolin
t+t hadbeendehydratedaftertheheattreatmentat 1000°F. Thedehy-
drationwasaccomplishedbyautoclavi.ngfor300hoursat 406°F
(250lb/sqin.).Thistreatmentsuccessfullyrestoredthechemically
combinedwaterinthekaolinitemolecule(seereference3).

Figure6 showstheresultingbubblestructureaftera l-minute
firingat 1575°F forthecoatingspreparedwithFloridakaolin.The
resultsweresubstantiallythesamefortheGermanValendarclayexcept
thatinthiscasetherewasno specimenavaihbleto representthedehy-
dratedclay.Itisapparentfromfigure6 thattheclaymilladdition
islargelyresponsibleforthebubblestructureobservedina normally

.

firedenamel.Further,theresultsshowthatthereissomebubble-
formingconstituentpresentintherawclaythatisremovedbytheheat
treatmentat 1000°F. Thatthisconstituentcannotbe thechemically

,.

combinedwaterisevidentby comparingfigure6(c)with6(a). Ifthe
bubbleformationisrelatedtothechemicallycombinedwater,both
enamelsshouldshowapproximatelythesamebubblestructure.Escause
thereismuch-lessbubblestructureintheenamelpreparedfromthedehy-
dratedclay,thebubblestructrmeofa normallyfiredenamelmustthere-
forebe associatedwithimpuritiesthatarepresentintherawthy.
These~puritiescouldbe adsorbedcarbonaceousmaterial,possiblytannin
insomeform,ortheimpuritiescouldbe carbonatesof calciumandmag-
nesium.A typicalanalysisoftheFloridaplastickaolinshows0.20
weightpercentofmagnesiumoxide(l@O)and0.15weightpercentof
calciumoxide(CaO).Higgins(reference12)wasableto duplicatethe
typeofbubblestructureobtainedwithenamelingclaysby addingsmall
amountsofmethyleneblueatthemill. Becauseoftheseresultshe con-
cludedthatthebubblestructureimpartedby enamelingclaysisappar-
entlyduetotheirorganic-materialcontent.

Inanattemptto determinethestageinthefiringprocessthatthe
bubblesareformedfromtheimpuritiesintheclay,40 specimensof
3-by 3-by 0.037-inchingotironwerecleanedby sandblast.TheE-2
enamelfloatedwithrawFloridakaolinwasadjustedto,a dippingcon-
sistencysoasto givea drythicknessof 0.007inchafterwhich20of
thespecimensweredi~d anddried.Thedrythicknessofeachspecimen
wasdeterminedwitha micrometerbothbeforeandaftercoating.Nine
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specimensoftQetwentywereselectedthatshoweda drycoatingthick-
nessof 0.007- 0.0002inchandeachofthesewasfiredfora different
timerangingfrom1/2to 30minutes.Thethicknesswasredetermined~
afterfiringandthechangeintbiclmesswithfiringtimeat 1~~0°F
wasdetermined.Thesameprocedurewasusedforcoatingthesecond
2QspecimensexceptthatinthiscasetheE-2enamelwaspreparedfrom
theFloridakolinthathadbeenheatedto 1000°F andthendehydrated.

Figure 7 showstheresultingcurves.W eachcasethethicknessof
coatingiB directlyrelatedto thepercentageofbubblesintheenamel
inasmuchasbothenamelsareof substantiallythesamecomposition.The
curvefortheE-2enamelwiththerawclayshowsthatthebubblesare
formedbyan oxidationof impuritiesintheclayearlyinthefiring
periodafterwhichthe slowlyfineout.

~ Thenormalfiringtimefor
theE-2enamelat 1550 F is5 to 6 mfnutes.At thisstage,theenamel
withtherawclayshowsa neaternumberofbubbles(lessdecreasein
thickness)thandoestheenamelwiththetreatedclay.Thisisin
keepingwiththephotomicrographsof figure6.

Figure 7 showsthatthebubblesformedfromairtrappedinthe
enamellayerduringfusionandfromprimaryboilrapidlyfineoutofthe
enamelthatis floatedwithrelqplmtedclay.Afteronly2 minutesof
firingthebubblestructurehasreacheda minimumandthereisno further
changewithlongertimesof firing.

Oneobservationof interestisthatboththetreatedanduntreated
clayshowprimaryboil,whichisindicatedby theabruptchangeof slope
ofthecurvesbetween1/2-andl-minutefiringtimes.Thus it follows
thatthegasescausingprimaryboildonotoriginatefromthesamesource
asthegasesresponsibleforthebubblestructurewhena rawclayis
used.

.,

DISCUSSIONOFRESULTS

show
Thevariousexperimentsconcernedwithprimryboilalltendedto
thatthegasescausingthephenomenonwithlow-carbonsteelsare

carbonmonoxideandcxmbondioxideandfurtherthatthesourceofthe
gasistheoxidationofthecarboninthesteel.Thetitanium-bearing
steel,ontheotherhand,alsocontainscarbonbutit doesnotshow
significantprimaryboil.A possibleexplanationforthisdifference
inbehavioristhatthecarboninthetitanium-bearingstructureisin
a lessreactiveform(TIC).Inthecaseof low-carbonsteelssomeofthe
carbonispresentas cementite(Fe+)anditispossiblethattheexpsed
particlesof cementiteatthesurfacearethedeternrhdngfactorsin
primaryboil. Inthisconnection,McGohan(reference13)alsobelieved,

.

———— —.—— .—.— —.— — —– —-—
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aftermetallographicexaminations,thatprimaryboiliscausedbya
reactionbetweenironcarbideatthesurfaceandtheoxidelayerthat
formsbeforetheenamelsoftens.Theresultingbubblesof carbonmon-
oxidegrowinsizeuntiltheyreachthesurface.Whentheybreak,a
freshsupplyofoxygencomesincontactwiththeironcarbideto form
morecarbonmonoxide.AccordingtoMcGohan,thisprocesswillcontinue
untilallofthecarbideisconsumed,oruntfltheenamelis “fired-off.”

An incidentalobservationinthepresentinvestigationwasthat
onlythoselow-carbonsteelspecimensthatshowedprimaryboilshowed
fishscalingtendencies.Ithasbeendemonstratedthatfishscaling-is
causedbyhydrogenevolvingfromthesteelafterthespecimenhascooled
(references3,12,and14). IYimaryboil,ontheotherhand,iscaused
by oxidationofcarbon.Thusitwouldappearthatcarboninthesteel
maybe responsibleforhydrogenretention.Inthisconnection,I!ardenheuqr
andThanheiser(reference15)showedthattheeaseofdiffusionofhydro-
genthroughsteelatornearroomtemperatureisaffectedby thecarbon
content,thehigher.thecarbontheslowertherateofdiffusion.These
sameauthorsfoundthattheconditionofthecarbonaffectsthediffu-
sionrate. Inthetitanium-bearingsteel,thecarbonisprobablypres-
entina formwhereitdoes’notinterferewiththemovementofhy&o-
genthroughthemetal.Withordinarylow-carbonsteelsor ingotiron,
ontheotherhand,itcanbe postulatedthatthecarbonispresentina
formthatgivesa tightstructurewithrespecttohydrogen,thatis,a
structurethroughwhichthehydrogendoesnotdiffusereadily.Thus,
whena coatedspecimenofthistypeiscooledra~idlyaftera normal
firing,a considerableamountofhydrogencouldbe trappedinthemetal
becauseitisunableto diffuseoutata highenoughratetoachieve
equilibriumwiththemetal.Therefore,aftersucha specimencoolsto
roomtemperatureitmightbe supersaturatedwithrespecttohydrogen.
Thesubsequentslowdiffusionofhydrogentothesurfaceofthemetal
couldthencausethetypeof coatingdefectknownas fishscales.

Thefindingthatthecloudylayerisabsentwhena vacuum-melted
enamelisusedisimportantfortworeasons.First,ittendsto indicate
thatthereisa reactionbetweenthedissolvedwaterinthecoatingand
thesteelbaseduringfiring,a mechanismthatwaspostulatedfromthe
resultsofan earlystudy(reference3). Second,thefindingisof
interestinthedevelopmentofa theoryofadherenceinthatittendsto
showthata considerablevariationintheamountofhydrogeninthe
enamel-ironsystemhasno effectontheresultingadherence.

Theobservationthatbubblesformattheinterfaceasa specimen
coolsaftera normalfiringisimportantinagainshowingthathydrogen
isintroducedintothesteelduringthefiringoperation.

Thesignificanceoftheexperimentswithclayisindemonstrating
thatitisnottheevolutionofthechemicallycombinedwaterinthe

,

— —. -. — .-— _-.— ———- —.
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kaolinitemoleculethatcausesmostofthebubblestructureinthe
coatinglayerbutrathersomeimpuritypresentintherawclay.There
isbelievedtobea practicalsignificancetothefindingthattherewas
practicallynobubblestructuregeneratedwhenusinga claythathadbeen
heatedinairfor20hoursfollowedbyautoclavingto restorethechemi-
callycombinedwater.A claysotreatedyieldeda slipthathadsuspen-
sionandflowcharacteristicssimilarto thoseofonepreparedfromthe
as-receivedclay.Thus,itappearspossibletopreprea claythatwill
workwellina slipfromthesuspensionstandpointandyetyielda coating
thatispracticallybubble-free.A dense,bubble-freecoatingwouldbe
desirablebothforceramiccoatingsforalloysandforcover-coatenamels
wherehighresistanceto gougingandscratchingwasa requiredcharacter-
istic.

Thedatalistedintable6 areof considerableinterestotherthan
as additionalconfirmingevidencethatprimaryboiliscausedby oxidation
of carboninthesteel.Thesedataindicatethatthegasretainedina
ground-coatenamelchangesincompositionwithincreasedfiring,the
percentageofhydrogenincreasingsubstantiallyattheexpenseofthe
carbongases.

Table6 showsthataftera normalfiringtime,thecollectedgas
sampleconsistedof60.5percenthydrogen(byvolume)and39.5percent
ofthetwocsrbongases.‘Figures6 and7,ontheotherhand,implythat
nearlyallofthegasthatformsbubblesina normallyfiredground-
coatenamelisproducedby someimpurityintheclay.Theburningout
ofthisimpuritywouldbe expectedto contribtiecarbongasesbutlittle,
ifany,hydrogen.Figure7 indicatesthattheimpurityproducesgassing
fora shortperiodintheearlystagesoffiringafterwhichthegas
evolutionceasesandtheoccludedgasbubblesslowlyfineoutofthe
enamel.Duringthisfiningperiod,thequantityofhydrogenproduced
by thereactionbetweenthedissolvedwaterinthefritandthehotmetal
baseisincreasing.Mostofthehydrogenthusformedistakenupby the
metalbase. Whenthespecimenislatercooled,a partofthishydrogen
isevolvedattheinterfacetoformcoolingbubbles.Whenr60mtempera-
tureisreached,thepressureinthesecoolingbubblesmayhaveincreased
to severalatnmspheresby a continuedslowdiffusionofhydrogenfromthe
steel,whereasthepressureinthelargerandmorenumerouscarbongas
bubbleswouldbe considerablybelowatmosphericbecausetheyareformed
intheglassat 1550°F andthencooledto roomtemperature.Therefore,
eventhoughnmstofthebubblesnotedina normallyfiredenamelmaybe
dueto carbongasesoriginatingfromtheclayimpurity,thesebubblesof
csrbonmonoxideandcarbondioxide,1 becauseoftheirreducedpressure,

lItispossiblethatthebubblesformedfromtheclayimpuritymight
alsocontainsomehydrogen.This
theenamelstructureandintothe
thecoolingprocess.

hy&ogencouldhavedif&sedthrough-
btiblesbothduringfiringsmdduring

----- .—..—_..——_ ._. _ ____ _ —.— —._ -—.— —. .
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mightcontributelessgastothecollectedsamplethanthepressurized
bubblesofhydrogenattheinterface.

CONCLUSIONS

Thefollowingconclusionsappearjustifiedasa resultofvarious
experimentsandobservationsmadeina studyofthegasesevolvedwhen
a ground-coate~el isappliedto low-carbonsteel:

1.FMmaryboiliscausedby carbongasesevolvedfroma reaction
betweenthecarbonpresentinthesteelandthescalelayerthatforms
duringtheearlystageoffiring,thatis,beforethecoatingfuses.

2.Theformationoftheso-calledcloudylayernearthecoating-
metalinterfaceoncobalt-bearingground,coatsisdependentonappreci-
ableamountsofdissolvedwaterbeingpresentintheenamelglass.If
thecoatingisvacuum+neltedpriortoapplicationno cloudylayerforms.

3. Gasisevolvedfromlow-carbonsteelintheformofbubblesat
theinterfacewhena coatedspecimenisrapidlycooledaftera normal
firing.Indicationsarethatthegasresponsibleforthesecoolingbub-
blesishydrogen.

4.A considerableproportionofthebubblestructureina normally
firedenamelisdueto someimpurityintheclaymilladdition.The
impurityisprobablyorganicmatteradsorbedontheclayparticles.

NationalBureauofStandards
Washington,D. C.,June15,1952

.!
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A reviewoftheliteratureindicatesa surprisinglackof investi-
gationsofthenormalgas-formingreactionsthatoccurduringthefiring.
ofvitreouscoatingson steel.2Mostof theearlierworkappearsto
havebeenconcernedwithsuchlow-temperature&s-evolutiondefectsas
fishscaling3andreboiling(~eferences12,14,16,and17). V5rylittle
mentionismadeofprimaryboi15intheliterature,yetthisphenomenon
canbetrotiblesomeinenamelingoperationsespeciallywhenwhitecoats
arebeingapplieddirectlyto steel.

l.brestudyhasapparentlybeendirectedtothecauseofgasforma-
tionwhenenamelsareappliedto castiron,possiblybecauseofthe
greaterblisteringdifficultiesencounteredincast-ironenameling.
KrynitskyandHarrison(reference18),forexample,determtiedti1930
thatthegasescausingblisteringincastironwerecarbonmonoxideand
carbondioxide.Theyalsofoundthattheconditionofthesurfaceof
thecastingaffecteditsblisteringtendency,a microchilllayeratthe
surfaceofa graycastironbeingespeciallyundesirablefromthestand-
pointofblisterfommtion.PorterandRosenthal(reference5)havecon-
firmedthatthemajorcauseof gassingindry-processenamelingofgray
castironistheevolutionof “carbonoxide”gases.Ontheotherhand
Zapffe(reference19),aftera studyofwet-processenamels,statesthat
hydrogenisapprentlytheonlysystematiccauseoftheblistertypeof
defectsinwet-processenamelon castironupto thehighestusualfiring
temperatures,870°C. Zappfeandco-workers(references4 and14)also
inferthatpracticallyallblisteringandboilingphenomenaof enamels
on steelarecausedby hydrogenevolution,thecarbongases(COandC02)
playingonlya minorpartintheobservedbehavior.

2Therehavebeennumerousinvestigationsoftheformationof iso-
latedblistersonproductionpartscausedby contaminationof eitherthe
steelortheenamel.Suchdefectsareabnormal,however,anddonot
logicallyconstitutea Prt ofa studyofthegasesevolvedduringthe
normalfiringofvitreouscoatingson steel.

3Fishscalingisa localizedfractureof coatingglasscausedby
excessivegaspresstieat ornearthecoating+netalinterface.

4Reboilingistheblisteringatabout1050°F ofa Vit)?eOUScoating
on low-carbonsteelwhenitisreheatedafterthefirstfiring.

7PrimaryboilistherapidbubblingOYtheenamellayerduringthe
earlystagesof firing.Itdoesnotreappearduringa secondfiring.

. . . . _.—_. ______ —
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Gasesentrappedinthe
steelaftercoolingtoroom
andMeloche(reference2).

NACATN2865

bubblestructureofenamelson low-carbon
temperaturehavebeenanal~edby Freeman ,,
Besidesnitrogenandoxygen,whichprobably

originatedfromentmppedair,theseauthorsfoundcarbonmonoxide,car-
bondioxide,hydrogen,andan unidentifiedhydrocarbontobepresentin .

thebubblesinsignificantamountsaftera normalfiring.Lucianand
KAutz(reference9)analyzedby-spectrographicmethodsthegasesevolved
fromenamelingironandfromground-coatenamelwhensamplesofthese
twomaterialswereheatedseparatelyh vacuo.Theirmethodisobviously
notapplicabletothedeterminationof @ses evolvedduringthefiring
ofenamelon iron.

.

.
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TABLE I.- REPRESENT!AT~ COMPOSJ3.’IONSOF EIGHT MElYJ9 OR ALLOYS

Parts by weight of -
Metal or alloy

c Cr P Si .9 Ma Ti Cb “Ni Cu Fe

Ingot ironl o.o12 ---- O.w ---- 0.025 0.017 --- ---- ---- --- 99+

Cold-rolled
stee12 0.084 ---- o.cQt3---- 0.036 ----- --- ---- ---- --- ----

Titanium-bearing
f3tee13 O.cg ---- 0.040 ---- 0.,050 0.50 $; ---- ---- --- ~+

.

AISI Type 347
stainless .steell-0.(23 18.o ----- ---- --------- --- 0.80 10.5 --- 70.6

Copper4 ----- ---- --------- ----- ---- --- ---- ---- ~+ ----

Inconel? 0.(39 14.0 -----0.5 o.@ 0,5 --- ---- 78.7 0.2 6.5

Mone15 0.15 ---- -----0.1 0.01 1.0 --- ---- 67 30 1.4

Nicke12 0.014 ---- --------- --------- --- ---- 99+ --- ----

/and
%nalyses from “Metals Handbook,” Am. Sot. lfetals(Cleveland), 194-8,pp. 424
554.
2Analysis by Analytical Chemletry Section of NM. —

?tTomlnalanalysis listed by Inland Steel Co. in advertising literature published
in1949.

4Commercial grade of deoxidized cop~r.
5Infonsatioh from Bulls. T-7 and T-5,Rvelopmentand

tionalHickelCo.,Inc., revised April 1946and Oct. 1946,
Res. Div., The
respectively.
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TABLE2.-MIIL

1-

EA!I!CHESANDMILLINGMIA FORCOATINGS

1Fineness,6 to 8 percent on 200-meshsieve;
application thicbess, 4 to 6 roils]

Partsbyweightin–
~edient

CoatingE-1 CcatingE-2

Fritlog-o 1000 ----

IYitlog-$ ---- 1000

Floridakaolin 60 60

Borax 10 10

Water 425 425

.
.

.

.

———-———.—— — ———— --
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TABLE3--- BAPCHAI?IlCOMH_lTEOOXIDECOl&SITIONSOFfiIT 109-I?

Eatchcomposition Computedoxidecomposition-

Mterial Partsbyweight Oxide Percentbyweight

Potashfeldspar B*68 Sioz 50.21

Em-ax 43.66 A1203 5.49

Flint (Sflica) 30.35 %03 15.97

Sodiumcarbonate 7.46 Na20 14.58

Sodiumnitrate 5.99 K20 3*79

Potassiumnitrate 1.01 CaF2 7.66

Fluorspr 7.66 MU02 1.00

Manganesedioxide 1.00 coo .60

Nickel oxide .70 Nio .70

Cobalt oxide .60
m 100.00

aCompositionoffrit109-0sameasthatof 109-Eexceptthatit
containsnoMn02,COO,orNiO.

=%=

.— ..___ - ——. . ——...—. ---—-———— -—- —- ——
____-— ——..-. .—
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TABLE4.- PATTERNOFGASEVOLIJTIONFROMA ~OUND-CQATENAMEL

ONINGOT~ON ANDLOW-CARBONSTEELS
.

Fir’ing Time Temperature
stage titerval interval Coatingappearanceat =X

(mill) (°F)

Roomtemperature
1 0 to 1/2 to U50 No changeincoating

.

2 1/2to 3/4 1150to 1300 Finenetworkof cracks
inbisque

Fusion,crackshealtig,

3 3/4to 1 1300to 1400 smallentrappedbubbles
present

4 lto+ 1400to 1550 Primary-boilblisters,a
manysmallbubbles

2&05
Bubblesincreasingin ~

5A 1545to 1555 sizeandslowlyfining
outof coating

Sameas 5Aexceptcloud-
b5B *to5 1545to 1555 inessdevelopingat

interface

C6 5 to+ 1350to 1300 Bubblesformingat
interface

C7 5&07 1300to No furtherchange
roomtemperature

%xbnary-boilblistersdonotappearontitanium-stabilizedsteelno,r
aretheyalwaysvisibleon low-carbonsteel
thatarenormalorabovenormalareused(4
ness).

bAppliesto cobalt-bearingE-2coating

cObservedmostreadilyintestswitha

unlessapplicationthicknesses
roilsor greaterfiredthick-

only.

gas-firedfurnacewherefast

.

.

coolingratesareeasilyattained.

——-—— — -— ---—
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w5. - TYPE OF BUBBLE5 PFWEITT IN A COIWGT-BE4RING GROUND COAT AFTER FIRING

FOR VARYING T~ AT 1550° F ON EIGEC DHFERENI METALS OR ALLOYB

Type of bubbles In ground coat after indicated

Metal firing time (b) at 155@ F of -

Baae metal thicknes6
(in.)

(1)

1 q 2 ~ 3 4 6’ 8 10

Ingot iron 0.037 Pm,b B,b B,b B,b B,b RB,B,b RB,B RB,B RB,B

cold-rolled
.9teel

0.025 Pp,b B,b B,b B,b B,b RB,B,b RB,B RB,B RB,B

Titiiun-bearing
0.049 8,qteel pt>b B)b B>b B>b RB,B,b RB,B RB,B RB,B

AISI Type 347 - Oox ~ ~b
StainleB5 steel “ ) O,B,b O,B,b B,b -B“,b RB,B RB,B RB,B-”

Copper 0.019 C,b O,B,b B,b B,b B,b B,b P.B,2B R& BB2

Incoael 0.041 s b B,b’ B,b B,b B,b RB,B RB,B RB,B

Monel 0.(%7 s C,b O,Pm,b Pp,B,b Pp,B,b Pp,b Pp Pp Pp

~ickel ‘ 0.032 C,b ----- ----- ----- -----
‘P~B -

-----
PP’B ----

..
.
‘Letter designations: P, primary-boil bliaterB; B, krge bubbles; b, small bubbles;

RB, bubblee that appear to be lines with reduced”~td at or near interface; C, coating
crawled; O, coating orange-peeled;
m, moclerati;p, pronounced.

~e$u~ed materialon inside of

obtained with ferrous ~oya.

S, coating aintered. Modifying subscripts: t, trace;
,,

bubble ca~ty has,,adifferent appearance than that ~,, Q



TABLE6.-RiLATuE AMOUNTS OF CABBON DIOXDE, CARBON MONOXIDE, AND HYDRCK+ENIN ENAMEL
.,

‘ BUELLE STRUCTURE AFTER FIRIIiGCOATING E-2 ON O.020-INCH-THICKINGUl!IRON

FOR VARIOUS TIMFS AT 15~O” F

..

Firing time at 1550°F
Relative ammntl (role percent) of -

Firing
(mill) condition

., C02 co ‘:%

2j3 Primary-boil stage 16.7 ~~ 60.0 ,, ;,: 23.3

2 Normal fire 6.2 33.3 .53.5

6
-+

Herdftie 2.9 22.8 74.3

1Computedfrom-s-spectrometeranalyseB. y

I
, . . .
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.
TABLE7*- RUl?C!HCOMPOSITIONOFC!ARBURIZINGl?ATH

Ingredient

Sodiumcyanidel

Bariumchloride

Sodiumchloride

Sodiumcarbonate

Potassiumcyanate

Partsbyweight

22

22

25

30

%lnemillicurieof radioactiveClkrepresented
byabout0.02gramof radioactiveNaCNwasadded
pereach100gramsofbatch.

..— —— — .—— —. ——
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Figure 2.- Electrlc muffle furnace with
poaltion for observing gm evolution
firing operation.

microscope and light source in
froinOpeciuen during a normal
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Figure 3.- Schematicdrawingof equipmentused for collecting gases
entrappedin bubble structure of vitreous coatings after application
to a metal base.
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Figure 4,- Photomicrograph (XIWO, unetched) of coating-iron interface
at the primwy-hil stage of firing. Note oxide layer at interface,
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(a) Untreatedclay.

,.

(b)Clayheated20hoursat 1000°F.

(c)Clayheated20hoursat 1000°F followedby
autoclatingfor”.300’’hoursat 406°F.

-
Figure6.-Photomicrographs(x26;obliqueillumination)ofsurfaceof

coatedingot-ironspecimensafternormalfiring.Coatingin (a),
(b),and(c)wasidenticalexceptfortreatmentofFloridakaolin
milladditionusedforsuspendingtheslip.
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Figure 7.- Change in coat@3 thickness with time of
coats t~t W= the same except for treat~nt ‘f

addition.

firing for two gro~d
CI.~ used as dll


